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ABSTRACT 
The purpose of this paper is to provide information on 
the effects of injection errors on a Galactic Probe mission 
to Jupiter and the ability to correct these errors by per- 
forming a single attitude-restricted midcourse correction. 
Monte Carlo methods have been used with an injection error 
model and a midcourse correction error model that are as- 
sumed to be representative and probably conservative. Three 
possible attitude control laws as well as mission objectives 
are assumed. Numerical results are presented in tabular and 
graphical form. 
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LIST OF ILLUSTRATIONS 
T i t l e  
(;*go* vs. B - T  ) f o r  300 T r a n s f e r  T r a j e c t o r i e s  
w i t h  Random I n j e c t i o n  E r r o r s .  
-. - 0  
vs.  Midcourse C o r r e c t i o n  T i m e  €o r  a (3 .To )3 AV 
Three A t t i t u d e  Con t ro l  L a w s .  
vs.  Midcourse C o r r e c t i o n  T i m e  a(3.2") a AV 
f o r  Three A t t i t u d e  Con t ro l  L a w s .  
+ - 0  ( ~ . ~ "  vs. B.T ) f o r  300 Pe r tu rbed  Trans fe r  
T r a j e c t o r i e s  w i th  Midcourse C o r r e c t i o n s .  
F igu re  Number 
1 
a .  Midcourse c o r r e c t i o n  p o i n t i n g  and AV e r r o r s  i n c l u d e d .  
b .  No midcourse e r r o r s .  
c .  Only p o i n t i n g  e r r o r s  i nc luded .  
d .  Only AV e r r o r s  i nc luded .  
4 - 0  RMS E r r o r s  i n  ( B - T  ) A f t e r  Midcourse C o r r e c t i o n  
v s .  Midcourse C o r r e c t i o n  T i m e  f o r  Three 
A t t i t u d e  Cont ro l  Laws. 
4 4 0  RMS E r r o r s  i n  ( B . R  ) A f t e r  Midcourse C o r r e c t i o n  
vs. Midcourse C o r r e c t i o n  T i m e  f o r  Three 
A t t i t u d e  Cont ro l  Laws. 
RMS Required Midcourse C o r r e c t i o n  AV v s .  
Midcourse Cor rec t ion  T i m e  f o r  Three 
A t t i t u d e  Cont ro l  L a w s .  
4 
Jc 
( ) "  denotes  a u n i t  v e c t o r ,  i . e .  
2a  
4a 
4b  
5 
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Injection Error Analysis 
In order to perform an analysis of Galactic Probe injection errors, 
the following assumptions have been made: 
~ 1 .  Objectives of the mission are a flyby of Jupiter within its 
magnetic field and a subsequent flight to a heliocentric distance of 
10 a.u.'s in a reasonable total flight time. The nominal trajectory 
used for this study meets these mission objectives. 
2 .  Injection errors are similar to those assuined for the Improved 
Delta - X-258 vehicle. Exceptions are flight path angle and azimuth 
errors, which are assumed to be smaller because, in all liklihood, there 
will be a much smaller contribution of the kick stage to the total injec- 
tion velocity for the Galactic Probe and the kick stage is the dominant 
source of these errors. 
The nominal trajectory used for this analysis has the following 
characteristics: 
Launch date: December 30, 1969. 
Injection time: 7 5 37' Gl4T. 
Geocentric injection speed: 15.405 km/sec. 
Flight time to Jupiter: 500 days. 
Radius of closest approach to Jupiter: 1 Y 106 km. (posigrade with 
respect to Jupiter's rotation about the sun). 
Total flight time to 10 a.u.'s from sun: 1050 days. 
h m  
This nominal trajectory is considered to be compatible with the above 
mission objectives and, in addition, is near optimum in terms of minimum 
flight time to 10 a.u. for a 500 day flight to Jupiter. 
Monte Carlo methods were used to determine the effects of injection 
errors propagated to Jupiter. A digital computer program called Mc'LNTR 
(Monte Carlo-Interplanetary) was written for the purpose of studying the 
effects of injection errors and midcourse corrections on targetting ac- 
curacy for interplanetary trajectories. 
errors was used in conjunction with a table of normally distributed random 
numbers (about a zero mean) to corrupt the initial conditions for each 
perturbed transfer trajectory. The injection error sources used for this 
study were assumed to be uncorrelated, thus no off-diagonal terms appear 
A covariance matrix of injection 
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i n  t h e  i n j e c t i o n  cova r i ance  m a t r i x .  The assumed e r r o r  sou rces  and t h e i r  
one sigma va lues  are as fo l lows :  
R ( r a d i a l  d i s t a n c e  from e a r t h ' s  c e n t e r )  7.027 km. 
; (geocen t r i c  l a t i t u d e )  . 090° 
A ( long i tude )  .165" 
V ( i n e r t i a l  speed) 17.67mlsec.  
1 ( i n e r t i a l  g e o c e n t r i c  f l i g h t  pa th  ang le )  .12O 
CY ( i n e r t i a l  g e o c e n t r i c  azimuth)  .12O 
RMS e r r o r s  were eva lua ted  i n  terms of m i s s  v e c t o r  component (B.5" and - - t o  B . R  as desc r ibed  i n  r e f e r e n c e  (1) i n  which t h e  r e f e r e n c e  p l ane  i s  J u p i t e r ' s  
o r b i t a l  plane)  d e v i a t i o n s  from t h e  nominal a i m  e o i n t .  
a p l o t  of the m i s s  v e c t o r  components (BeR v s .  B-To) f o r  t h e  300 sample 
s i z e  Monte Carlo s t u d y .  The r e s u l t i n g  RMS e r r o r s  i n  the  m i s s  v e c t o r  com- 
ponents  due t o  I n j e c t i o n  e r r o r s  a r e  as fo l lows :  
F igu re  1 p r e s e n t s  - - 0  
RMS (?I.?") e r r o r  = 2.45  1 10" km. 
RMS (3.2") e r r o r  = 0.31  y l@ km. 
To provide an  independent  check f o r  t h e s e  r e s u l t s ,  t h e  methods o f  
l i n e a r  e r r o r  p ropaga t ion  were employed us ing  t h e  I n t e r p l a n e t a r y  E r r o r  
P ropaga t ion  Program ( r e f e r e n c e  2 ) .  Using t h e  same i n j e c t i o n  cova r i ance  
matrix, a p r e c i s i o n  i n t e g r a t e d  t r a j e c t o r y  (having s imilar  c h a r a c t e r i s t i c s  
as the  above desc r ibed  nominal t r a j e c t o r y )  and t h e  methods of  s t a t i s t i c a l  
e r r o r  propagat ion  w i t h  l i n e a r  t h e o r y ,  t h e  fo l lowing  RMS e r r o r s  i n  t h e  m i s s  
v e c t o r  components r e s u l t e d :  
I 
RMS (%-To) error = 2.35 I l@ km. 
RMS (B-R ) e r r o r  = 0.30 l@ km. + +" 
I n  o r d e r  t o  o b t a i n  a f e e l i n g  f o r  t h e  r e l a t i v e  s i g n i f i g a n c e  o f  each 
i n j e c t i o n  e r r o r  s o u r c e ' s  c o n t r i b u t i o n  t o  t h e  t o t a l  m i s s  v e c t o r  component 
e r r o r s ,  Monte Car lo  runs  were performed f o r  each  e r r o r  s o u r c e  i n d i v i d u a l l y ,  
i . e .  i n j e c t i o n  cova r i ance  m a t r i x  c o n t a i n s  one d i a g o n a l  e lement  and a l l  
o t h e r  d i agona l  and o f f - d i a g o n a l  e lements  are  z e r o .  Three hundred sample 
s i z e  runs  were used f o r  each e r r o r  sou rce  and t h e  r e s u l t s  are  enumerated 
i n  t h e  fol lowing t a b l e :  
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I n d i v i d u a l  E r r o r  
Source (one sigma) RMS ( B - R  --+ -+a ) E r r o r  RMS (%.TU) p r r o r  
R ( 7.027 km.) 0.51 X l@ km. 0 .01  ' l@ km. 
$ ( .09O0) 0.07 . 106 km. 0.07 le km. 
A. ( .165' ) 1.45 1 lo6 km. 0.17 1 lo6 km. 
V (17.67m/sec) 1 . 6 1  < le km. 0.04 1P km. 
'y ( -12O) 1.05 10' km. 0.03 106 km. 
a ( . 1 2 9  0.14 10' km. 0.25  x 1 6  km. 
A s  more in fo rma t ion  becomes a v a i l a b l e  on i n j e c t i o n  e r r o r  models f o r  
launch  systems of i n t e r e s t  t o  G a l a c t i c  Probe m i s s i o n s ,  t h e  m i s s  v e c t o r  
component e r r o r s  can be s c a l e d  acco rd ing ly  f o r  each e r r o r  s o u r c e .  
Midcourse Guidance Ana lys i s  
A major problem t h a t  arises i n  p l ann ing  any l u n a r  o r  i n t e r p l a n e t a r y  
m i s s i o n  i s  t h e  t r a d e - o f f  between i n j e c t i o n  and midcourse guidance  systems 
i n  terms of c o s t ,  complexi ty  and c o m p a t i b i l i t y  w i t h  mis s ion  o b j e c t i v e s .  
The assumed i n j e c t i o n  e r r o r s  used i n  t h i s  s t u d y  a r e  cons ide red  t o  be a 
c o n s e r v a t i v e  r e p r e s e n t a t i o n  of a v e h i c l e  w i t h  a s p i n - s t a b i l i z e d  s o l i d  
p r o p e l l a n t  k i c k  s t a g e .  The assumed m i s s i o n  o b j e c t i v e s  r e q u i r e  f l y i n g  by 
J u p i t e r  i n  a pos ig rade  manner (with r e s p e c t  t o  J u p i t e r ' s  r o t a t i o n  about  
t h e  sun) i n  o r d e r  t o  o b t a i n  a n  energy "boost" t o  c o n s i d e r a b l y  s h o r t e n  t h e  
f l i g h t  t i m e  t o  10 a . u . ' s  and beyond. The nominal t r a j e c t o r y  used i n  t h i s  
s t u d y  i s  cons ide red  t o  be c l o s e  t o  optimum i n  terms of t h e  assumed mis s ion  
o b j e c t i v e s .  From F igure  1 i t  can  be s e e n  t h a t  i n j e c t i o n  e r r o r s  cause  
s i g n i f i c a n t  d i s p e r s i o n s  about  t h e  nominal a i m  p o i n t .  It becomes r e a d i l y  
a p p a r e n t  t h a t  a midcourse c o r r e c t i o n  o r  c o r r e c t i o n s  are necessa ry  t o  ac-  
compl ish  t h e  assumed mis s ion  o b j e c t i v e s .  
The fo l lowing  assumpt ions  have been made i n  o r d e r  t o  p rov ide  a f i r s t  
look a t  t h e  midcourse guidance problem: 
1. S p a c e c r a f t  a t t i t u d e  w i l l  be r e s t r i c t e d .  
2 .  Three a t t i t u d e  c o n t r o l  laws are assumed as fo l lows :  
a .  S p i n - a x i s  o r i e n t e d  c o n t i n u a l l y  toward e a r t h .  
b .  S p i n - a x i s  i n e r t i a l l y  f i x e d  as i n j e c t i o n  v e l o c i t y  v e c t o r .  
c .  Sp in -ax i s  o r i e n t e d  c o n t i n u a l l y  toward sun .  
3 .  Midcourse c o r r e c t i o n s  a r e  r e s t r i c t e d  t o  be made p a r a l l e l  t o  t h e  
s p i n  a x i s .  
- 6 -  
4 .  P e r f e c t  n a v i g a t i o n  s y s t e m ;  a t  l eas t  5 days are assumed t o  be 
necessa ry  t o  determine t h e  t r a j e c t o r y  a c c u r a t e l y .  
5 .  Midcourse c o r r e c t i o n  e r r o r  model i s  r e p r e s e n t e d  by p o i n t i n g  e r r o r s  
i n  p i t c h  ( e )  and yaw (I#) and an e r r o r  i n  c o r r e c t i o n  magnitude ( A V ) .  Assumed 
one sigma va lues  o f  t h e s e  e r r o r s  are as f o l l o w s :  
- - 0  4 - 9 0  
NOMINAL 6 .  Guidance law c o r r e c t s  (B-T ) based on i t s  d e v i a t i o n  from ( B - T  ) 
and p a r t i a l s  der ived  by p e r t u r b i n g  t h e  nominal t r a j e c t o r y  a t  t h e  d e s i r e d  
c o r r e c t i o n  t ime a long  t h e  nominal s p i n  a x i s .  
The Monte Car lo  computer program, c a l l e d  McINTR, which was used f o r  
t h e  i n j e c t i o n  e r r o r  a n a l y s i s ,  was a l s o  u t i l i z e d  f o r  t h e  midcourse guidance  
a n a l y s i s .  The program flows i n  t h e  fo l lowing  manner: 
1. F l y  nominal i n j e c t i o n  c o n d i t i o n s  t o  t a r g e t  body ( J u p i t e r )  and s t o r e  
m i s s  v e c t o r  components. 
2 .  F l y  nominal t o  d e s i r e d  t i m e  of  midcourse c o r r e c t i o n  and add and 
s u b t r a c t  an  inpu t  v e l o c i t y  increment  (AV) a l o n g  s p i n  axis ( s p e c i f i e d  by 
i n p u t  a t t i t u d e  c o n t r o l  law) .  F l y  t h e s e  t o  t a r g e t  body t o  de t e rmine  ave rage  
p a r t i a l  t o  be used f o r  midcourse c o r r e c t i o n s :  a ( B . T  ) -9 - 0  
3 AV 
3 .  F l y  N t r a j e c t o r i e s  having  p e r t u r b e d  i n j e c t i o n  c o n d i t i o n s  t o  t h e  
t a r g e t  body and s t o r e  t h e  r e s u l t i n g  m i s s  v e c t o r  components.  
4 .  F l y  each o f  t h e  N pe r tu rbed  t r a j e c t o r i e s  t o  t h e  i n p u t  midcourse 
c o r r e c t i o n  t i m e  and compute midcourse c o r r e c t i o n s  based on:  
+ +o + -10 +--I AVi = (B*T - B . T N O M . P ( B * T  ) . 
a AV 
5 .  Apply the midcourse c o r r e c t i o n s  w i t h  random e r r o r s  t o  each  of  t h e  
N pe r tu rbed  t r a j e c t o r i e s  and f l y  t o  t h e  t a r g e t  body. 
6 .  P r i n t  out  f o r  t h e  nominal and each  p e r t u r b e d  t r a j e c t o r y  w i t h  and 
wi thou t  midcourse c o r r e c t i o n s :  
a .  Time t o  c l o s e s t  approach o f  t a r g e t  body. 
b .  Radius of c l o s e s t  approach .  
c .  (2.T) 
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e.  P o s t  encoun te r  apohe l ion .  
f .  P o s t  encoun te r  i n c l i n a t i o n  t o  e c l i p t i c .  
g .  T o t a l  t i m e  t o  10 a . u . ' s  from sun.  
h .  Required midcourse c o r r e c t i o n  v e l o c i t y  ( A V . ) .  
1 
7 .  P rov ide  summary p r i n t o u t  of t h e  f o l l o w i n g :  
- +o + +o a .  RElS ( B - T  ) and ( B - R  ) e r r o r s  due t o  i n j e c t i o n  e r r o r s .  
b. 
c .  RMS midcourse AV r e q u i r e d .  
d .  Par t ia l s  of  ( B - T  ) and (B-R ' )  w i t h  r e s p e c t  t o  AV f o r  t h e  nominal 
-. - 0  
RMS (%-To) and ( B - R  ) e r r o r s  a f t e r  midcourse c o r r e c t i o n s .  
- -)o d +  
t r a j e c t o r y .  
-4 * o  --L - 0  8.  P r i n t o u t  p l o t s  of  ( B * R  vs .  B . T  .) w i t h  and w i t h o u t  midcourse 
1 
c o r r e c t i o n s .  
A patched-conic  t r a j e c t o r y  model i s  employed i n  t h e  program and t h e  
ephemerides  of t h e  e a r t h  and t h e  t a r g e t  p l a n e t  a r e  r e p r e s e n t e d  by o r b i t a l  
e lements  i n  a h e l i o c e n t r i c  s y s t e m .  These f e a t u r e s  pe rmi t  t h e  luxury  o f  
u s i n g  Monte C a r l o  t echn iques  w i t h  l a r g e  sample s i z e s  f o r  p a r a m e t r i c  s t u d i e s  
w i t h  v e r y  modest d i g i t a l  computer t i m e  r equ i r emen t s .  An average  of about  
4 t r a j e c t o r i e s  t o  J u p i t e r  can be flown and ana lyzed  p e r  second of computer 
t i m e  u s ing  t h e  McINTR program. The s p e c i f i c a t i o n  of a t t i t u d e  c o n t r o l  l a w s  
and guidance  l a w s  are o p t i o n s  w i t h i n  t h e  program and p r o v i s i o n  has  been 
made f o r  e a s e  of i n c o r p o r a t i o n  of new guidance  o r  a t t i t u d e  schemes as needed 
For each of t h e  assumed a t t i t u d e  c o n t r o l  laws d e s c r i b e d  above, midcourse 
c o r r e c t i o n s  were made a t  5 ,  10, 15, 20, 30, 40 and 50 days from i n j e c t i o n ,  
making a t o t a l  o f  2 1  Monte C a r l o  runs o f  300 pe r tu rbed  t r a j e c t o r i e s  each .  
-. - 0  The r e l a t i v e l y  s i m p l e  (B.T ) guidance l a w  was used f o r  t h i s  s tudy  because 
t h e  o u t - o f - p l a n e  ( B . R o )  s e n s i t i v i t y  t o  midcourse c o r r e c t i o n s  ( r e s t r i c t e d  
by a t t i t u d e  laws) w a s  s i g n i f i c a n t l y  lower than  t h a t  of t h e  i n - p l a n e  (B.T ) 
m i s s  v e c t o r  component. I n  a d d i t i o n ,  as p r e v i o u s l y  noted ,  t h e  RMS in -p lane  
e r r o r  a t  J u p i t e r  i s  n e a r l y  an  o r d e r  o f  magnitude g r e a t e r  t h a z  t h e  RMS o u t -  
o f - p l a n e  e r r o r .  
w i t h  r e s p e c t  t o  c o r r e c t i o n  hV f o r  each a t t i t u d e  c o n t r o l  l a w  as a f u n c t i o n  
of midcourse c o r r e c t i o n  t i m e .  
--t - 0  
Figures  2a and 2b p r e s e n t  t h e  p a r t i a l s  of (B.?") and (%.ao) 
I n  o r d e r  t o  show the-eiofects q f+y idcour se  c o r r e c t i o n s ,  F igu re  3a  
p r e s e n t s  a n  example of ( B - R  v s .  B - T  ) a f t e r  midcourse c o r r e c t i o n s ,  dem- 
o n s t r a t i n g  t h e  c a p a b i l i t y  o f  c o r r e c t i n g  l a r g e  t a r g e t t i n g  d i s p e r s i o n s  
(see F i g u r e  1) w i t h  s i n g l e ,  a t t i t u d e - r e s t r i c t e d ,  no i sy  midcourse c o r -  
r e c t i o n s  u s i n g  a s imple  one component guidance l a w .  F i g u r e s  3b, 3c and 
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3d show t h e  e f f e c t s  of t h e  e r r o r s  i n  t h e  midcourse c o r r e c t i o n s  by p r e -  
s e n t i n g  (3.g" v s .  B - T  ) p l o t s  i n  which t h e  midcourse p o i n t i n g  and AV e r r o r s  
are  ze ro ,  on ly  t h e  AV e r r o r  i s  ze ro ,  and on ly  t h e  p o i n t i n g  e r r o r s  are 
ze ro ,  r e s p e c t i v e l y .  F igu res  4a,  4b, and 5 show r e s p e c t i v e l y  t h e  RMS 
e r r o r s  i n  ( B . T  ) a f t e r  midcourse c o r r e c t i o n ,  t h e  RMS e r r o r s  i n  (B-R ) a f t e r  
c o r r e c t i o n ,  and t h e  RMS midcourse AV r e q u i r e d  as f u n c t i o n s  o f  midcourse 
c o r r e c t i o n  t ime f o r  each a t t i t u d e  c o n t r o l  l a w .  
-3 - 0  
- 0  4 4 0  
Conclus ions  
The r e s u l t s  o f  t h i s  s t u d y  are i n t i m a t e l y  t i e d  t o  t h e  assumptions t h a t  
have been made. I n  o r d e r  t o  m e e t  t h e  assumed m i s s i o n  o b j e c t i v e s  ( f l y b y  of  
J u p i t e r  w i t h i n  t h e  magnet ic  f i e l d  and subsequent  " reasonable"  f l i g h t  t i m e  
t o  10 a . u . ' s ) ,  a s i n g l e  midcourse c o r r e c t i o n  appea r s  t o  be necessa ry  and 
s u f f i c i e n t  t ak ing  i n t o  account  t h e  assumed i n j e c t i o n  e r r o r s  and midcourse 
guidance  e r r o r s .  
midcourse c o r r e c t i o n  us ing  a s imple  guidance  l a w  ( c o r r e c t i n g  on ly  f o r  B-7" 
e r r o r s )  w i l l  a l low t h e  mis s ion  o b j e c t i v e s  t o  be  m e t .  The u s e  of  t h i s  gu idance  
l a w  w i t h  a "noisy" midcourse c o r r e c t i o n  reduces  i n - p l a n e  e r r o r s  t o  t o l e r a b l e  
l e v e l s ,  b u t  does noth ing  t o  improve t h e  ou t -o f -p l ane  e r r o r s  ( i n  t h e  RMS s e n s e ) .  
The impor t an t  f u n c t i o n  of  t h e  midcourse guidance  system, however, i s  t o  
c o r r e c t  t h e  pa th  o f  t h e  s p a c e c r a f t  so as t o  make a p rope r  p o s i g r a d e  approach 
o f  J u p i t e r  i n  o rde r  t o  o b t a i n  an  energy "boost"  t o  reduce  t h e  t i m e  t o  a 
h e l i o z e z F r i c  d i s t a n c e  of 10 a . u . ' s .  This  has  been shown t o  be  f e a s i b l e  w i t h  
t h e  (B-T ) guidance scheme. 
It  has  been demonstrated t h a t  a s i n g l e  a t t i t u d e - r e s t z i c t e d  
Three p o s s i b l e  a t t i t u d e  c o n t r o l  laws have been assumed f o r  t h i s  s t u d y  
and comparisons between them w i l l  be based o n l y  on t h e i r  re la t ive  advantages  
o r  d i sadvantages  f o r  midcourse c o r r e c t i o n s .  R e f e r r i n g  t o  F igu re  5, i t  can  
be concluded t h a t  i f  midcourse c o r r e c t i o n s  are made i n  t h e  f i r s t  20 days  
t h e  i n e r t i a l l y  f i x e d  s p i n  a x i s  (a long  t h e  i n j e c t i o n  v e l o c i t y  v e c t o r )  r e q u i r e s  
a smaller RMS c o r r e c t i o n  v e l o c i t y  than  f o r  t h e  o t h e r  two a t t i t u d e  c o n t r o l  
laws ( s p i n  ax is  a long  ea r th -p robe  l i n e  and sun-probe  l i n e  r e s p e c t i v e l y ) .  
Having t h e  s p i n  axis a long  t h e  sun-probe l i n e  o f f e r s  t h e  advantage  of a 
n e a r l y  c o n s t a n t  RMS c o r r e c t i o n  v e l o c i t y  f o r  about  30 days a f t e r  i n j e c t i o n  
whereas f o r  t h e  o t h e r  two a t t i t u d e  c o n t r o l  l a w s  t h e  r e q u i r e d  v e l o c i t y  
i n c r e a s e s  s t e a d i l y  w i t h  midcourse c o r r e c t i o n  t i m e .  
i t  may be s a i d ,  i n  g e n e r a l ,  t h a t  t h e  t o t a l  v a r i a t i o n  i n  RMS r e q u i r e d  midcourse 
c o r r e c t i o n  v e l o c i t y  i s  i n  t h e  o r d e r  of  on ly  20 p e r c e n t  f o r  a l l  of t h e  a t t i t u d e  
laws cons ide red .  This  means t h a t  c o n s i d e r a t i o n s  of  a t t i t u d e  c o n t r o l  sys tem 
complexi ty ,  communications requi rements  and o t h e r  f a c t o r s  w i l l  p robab ly  exer t  
a much g r e a t e r  i n f l u e n c e  on t h e  s e l e c t i o n  of  a n  a t t i t u d e  c o n t r o l  law than  
w i l l  t h e  midcourse c o r r e c t i o n  v e l o c i t y  budge t .  
Beyond t h e s e  conc lus ions  
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